Objective To compare the accuracy of conventional cytology with liquid based cytology for primary screening of cervical cancer. Design Randomised controlled trial. Setting Nine screening programmes in Italy. Participants Women aged 25-60 attending for a new screening round: 22 466 were assigned to the conventional arm and 22 708 were assigned to the experimental arm. Interventions Conventional cytology compared with liquid based cytology and testing for human papillomavirus. Main outcome measure Relative sensitivity for cervical intraepithelial neoplasia of grade 2 or more at blindly reviewed histology, with atypical cells of undetermined significance or more severe cytology considered a positive result. Results In an intention to screen analysis liquid based cytology showed no significant increase in sensitivity for cervical intraepithelial neoplasia of grade 2 or more (relative sensitivity 1.17, 95% confidence interval 0.87 to 1.56) whereas the positive predictive value was reduced (relative positive predictive value v conventional cytology 0.58, 0.44 to 0.77). Liquid based cytology detected more lesions of grade 1 or more (relative sensitivity 1.68, 1.40 to 2.02), with a larger increase among women aged 25-34 (P for heterogeneity 0.0006), but did not detect more lesions of grade 3 or more (relative sensitivity 0.84, 0.56 to 1.25). Results were similar when only low grade intraepithelial lesions or more severe cytology were considered a positive result. No evidence was found of heterogeneity between centres or of improvement with increasing time from start of the study. The relative frequency of women with at least one unsatisfactory result was lower with liquid based cytology (0.62, 0.56 to 0.69).
INTRODUCTION
Liquid based cytology is used widely for primary screening of cervical cancer but high quality studies on its accuracy are limited. Indeed almost all published studies are based either on the comparison of non-randomly assigned populations or on double testing the same women. With the double testing design, cells used for diagnosis could be removed with the conventional sample, which is taken first, leading to an underestimation of the accuracy of liquid based cytology. In addition only some of the published studies, in a primary screening setting, considered histologically confirmed cervical intraepithelial neoplasia as the end point and only a few verified the diagnosis by colpohistology in the large majority of women with abnormal cytology results. A recent review identified one small randomised trial only and concluded that large randomised trials were needed. 1 We carried out a large randomised trial, over two phases, on new technologies for cervical cancer screening, including liquid based cytology and testing for human papillomavirus. The main final end point of the study will be long term rates of disease. Results at recruitment from phase 1-mainly focused on testing for human papillomavirus-have been published for women aged 35-60 2 and 25-34. 3 We compared conventional cytology with liquid based cytology for the entire age range (25-60). We also studied the influence METHODS We carried out a randomised controlled trial in nine cervical cancer screening centres in Italy. These centres routinely invite women aged 25-64 for a smear test every three years. Methods of recruitment and randomisation have been described. 2 3 Briefly, during 2002-3, after written informed consent had been obtained, women aged 25-60 attending for a new routine screening round were alternately randomised by smear takers to conventional cytology or to liquid based cytology and testing for human papillomavirus. Randomisation was generated by computer (two centres, unblocked) or by the opening of sequentially numbered sealed envelopes (blocks of eight in three centres, unblocked in four). Women who consented to receive the results were then told the outcome. We excluded women who were pregnant, had undergone hysterectomy, or had been treated for cervical intraepithelial neoplasia within five years.
A sample of cervical cells was taken using a plastic Ayre's spatula and cytobrush. A standard glass slide was prepared for women randomised to the conventional arm. For women randomised to the experimental arm cells were put into PreservCyt solution (ThinPrep; Cytyc, Boxborough, MA) and used to make liquid based cytology preparations and to test for human papillomavirus. The slides were read in 14 laboratories participating in regular screening programmes, without knowledge of the results for human papillomavirus. The same cytologists read both the liquid based and the conventional slides in each centre. Slides showing abnormal results were reviewed by a supervisor (or by a panel of cytologists in Florence) before the women were given the results. The diagnosis was used for the women's management and study analysis.
Cytology was classified according to the Bethesda 1991 system except that we did not use the subcategories for atypical cells of undetermined significance. Two laboratories had no experience of interpreting liquid based slides whereas seven had experience with ThinPrep (range 500 to 10 000 slides read per laboratory) and five had experience with another liquid based system (about 1000 slides read per laboratory). The laboratories routinely carried out quality assurance of cytology, including monitoring the distribution of diagnoses and positive predictive values and the circulation and discussion of the results of smear tests within and between laboratories. Quality assurance continued during the study period. To improve consistency between centres, 30 liquid based slides that were considered difficult to classify were circulated during the study and blindly read by each participating centre. Slides with discrepant results were discussed between representatives of each centre.
Women in the experimental arm were referred to colposcopy if cytology showed atypical cells of undetermined significance or more severe results. Women with normal cytology but positive for human papillomavirus were referred directly to colposcopy if they were aged 35-60 but if aged 25-34 were recalled for testing after one year. These results are not considered in the present analysis. Women in the conventional arm were managed according to the standard protocol of each centre. They were referred for colposcopy if cytology showed a low grade or higher squamous intraepithelial lesion. In seven centres (72% of randomised women), women with atypical cells of undetermined significance were referred directly to colposcopy whereas the remaining two centres recommended repeat testing and referral for colposcopy if the result was at least low grade intraepithelial lesions.
In each centre the same colposcopists examined women in both arms. They had access to the patients' cytology and human papillomavirus results. Biopsy samples were taken from suspicious areas.
Our primary end point was histologically confirmed cervical intraepithelial neoplasia of grade 2 or more detected during the recruitment phase as a result of abnormal cytology. Therefore for the present analyses we did not consider the results of cytological and histological tests that were carried out because of a positive human papillomavirus test result in the presence of normal cytology. These tests would not have been carried out if cytology alone was used. Operationally we included lesions detected within one year from referral to colposcopy. The biopsy results for women with a histologically confirmed cervical intraepithelial neoplasia were reviewed independently and blindly to study arm and cytology result. 2 
Statistical analysis
We calculated the relative frequency of cytology results, including unsatisfactory results in the experimental arm compared with the conventional arm. Given the randomised design, the same number of lesions was expected in each of the arms except for random variation and differences in the actual detection attributed to differences in sensitivity. Therefore we estimated the relative sensitivity of liquid based cytology compared with conventional cytology as the relative detection rate compared with the conventional arm. We included all randomised eligible women in an intention to screen analysis. The relative positive predictive value of liquid based cytology compared with conventional cytology was calculated only for women who underwent colposcopy. We calculated confidence intervals using methods appropriate for ratios of independent proportions. We also calculated relative sensitivity and positive predictive value when considering only low grade intraepithelial lesions or more severe cytology as a positive result (cut-off point was low grade intraepithelial lesions). We considered potential effect modifiers of relative sensitivity and relative positive predictive value: age (25-34 v 35-60), centre, protocol for dealing with women with atypical cells of undetermined significance in the conventional arm (centres directly referring women to colposcopy v those advising repeat testing), and experience with liquid based cytology (centres with experience of ThinPrep, of other types of liquid based cytology, or no experience with liquid based cytology). We tested for heterogeneity across different groups using the Breslow-Day test. In addition we studied the learning effect by considering the women's date of recruitment as a modifier with linear effect, using unconditional logistic regression and adjusting by centre. SAS software version 8.2 was used for analyses. P values are two sided.
The main final end point of the entire study will be the long term rates of disease. The size (about 100 000 women) of the entire two phase study (present study and study testing for human papillomavirus only in experimental arm) was determined for 80% power to show a significant reduction (relative detection rate 0.68) in the detection rate for cervical intraepithelial neoplasia of grade 2 or more in the experimental arm compared with the conventional arm at the screening round after recruitment. 2 On the other hand, at recruitment we anticipated an increase in sensitivity in the experimental arm. With the obtained study size in the first phase of the study and with the observed detection rate of cervical intraepithelial neoplasia of grade 2 or more of 0.37% in the conventional arm, the study had over 80% power to detect as significant a 50% increase in sensitivity (relative detection rate 1.5) with a two sided 5% type I error probability and a 41% power for a 30% increase.
RESULTS
Overall, 22 466 women were randomised to conventional cytology and 22 708 to liquid based cytology for primary screening of cervical cancer. The median age was 41 in both arms (P=0.34 by median score test). In total, 49% of women in both arms (10 906 and 11 149) had a cervical smear test registered in a programme within the past four years (P=0.24).
The figure shows the trial profile. Three hundred and one women in the experimental arm (1.3%) had conventional cytology. At least one colposcopy was carried out in 93% (1998/2154 of women referred because of abnormal cytology results: 91% (661/724) in the conventional arm and 93% (1337/1430) in the experimental arm). Among women attending for colposcopy the mean number of colposcopies and mean number of biopsies in the conventional arm were 1.33 (SD 0.53) and 0.76 (0.90) and in the experimental arm were 1.33 (0.52) and 0.74 (0.94).
The overall proportion of women with at least one unsatisfactory cytology result was significantly reduced with liquid based cytology (table 1). This reduction was larger (P=0.029) in women aged 25-34 (relative frequency v conventional cytology 0.53, 95% confidence interval 0.44 to 0.63) than in women aged 35-60 (0.67, 0.59 to 0.76). The reduction was large for results considered unsatisfactory because of obscuring inflammation but not for other reasons (table 1) .
The proportion of women with atypical squamous cells of undetermined significance or atypical glandular cells of undetermined significance and low and high grade squamous intraepithelial lesions was significantly increased in the experimental arm (table 2) . The increase in atypical squamous or atypical glandular cells of undetermined significance was larger (P=0.0199) in women aged 25-34 (relative frequency v conventional cytology 1.92, 1.56 to 2.36) than in women aged 35-60 (1.44, 1.27 to 1.64).
No significant increase was observed in sensitivity for cervical intraepithelial neoplasia of grade 2 or more for liquid based cytology compared with conventional cytology with either atypical cells of undetermined significance or low grade intraepithelial lesions as cut-off points (table 3) . The positive predictive value, however, was significantly reduced for liquid based cytology when using any end point or cut-off point (table 3) . When the analysis was restricted to centres referring all women with atypical cells of undetermined significance directly to colposcopy, using such cells as the cut-off point and cervical intraepithelial neoplasia of grade 2 or more as the end point the relative sensitivity was 1.11 and the relative positive predictive value was 0.65. Liquid based cytology showed an increased sensitivity for cervical intraepithelial neoplasia of grade 1 or more when atypical cells of undetermined significance or more severe cytology were considered and when low grade intraepithelial lesions were the cut-off point (table 3) . This increased sensitivity was larger in younger women (P=0.0006 with atypical cells as cutoff point and P=0.02 with low grade lesions as cut-off point): with atypical cells as the cut-off point the relative sensitivity was 2.21 (95% confidence interval 1.67 to 2.91) in women aged 25-34 and 1.33 (1.04 to 1.70) in women aged 35-60. The corresponding values with low grade lesions as the cut-off point were 2.23 (1.60 to 3.11) and 1.32 (0.98 to 1.78). No increased sensitivity was observed with cervical intraepithelial neoplasia of grade 3 or more as the end point.
No significant heterogeneity was observed between centres for relative sensitivity (smallest P=0.58) or relative positive predictive value (smallest P=0.13) when cervical intraepithelial neoplasia of grades 2 or more or 3 or more were used as end points. When centres were compared according to experience with liquid based cytology significant variability was not found for relative sensitivity or for relative positive predictive values (smallest P=0.21). In addition, after adjusting for centre no significant effect was observed for the interval from the start of the study either on relative sensitivity (smallest P=0.27) or relative positive predictive value (smallest P=0.26) with any end point or cut-off point. When the analysis was restricted to laboratories with experience of ThinPrep, the relative sensitivity and relative positive predictive value with atypical cells of undetermined significance as the cut-off point and cervical intraepithelial neoplasia of grade 2 or more as the end point were 1.12 and 0.63, respectively. When only the second half of phase 1 of enrolment in each centre was considered the corresponding values were 1.04 and 0.54.
DISCUSSION
Liquid based cytology for primary screening of cervical cancer showed a significantly increased sensitivity for cervical intraepithelial neoplasia of grade 1 but not for lesions of grade 3 or more. We observed a relevant reduction in unsatisfactory slides with liquid based cytology as a result of a decrease in obscuring inflammation. We observed a slight increase of the point estimate for relative sensitivity of liquid based cytology compared with conventional cytology for cervical intraepithelial neoplasia of grade 2 or more (1.17 with atypical cells of undetermined significance as the cutoff point, 1.03 with low grade intraepithelial lesions as the cut-off point) but this was far from significant. Values between 0.87 and 1.56 were included in the 95% confidence interval of relative sensitivity with atypical cells of undetermined significance as the cut-off point. Therefore we cannot exclude increases and decreases of sensitivity in this range. The study had a 80% power to detect as statistically significant a 50% increase in sensitivity and a 41% power to detect a 30% increase. The study size was, however, determined for another objective (long term rates of cervical intraepithelial neoplasia). These power calculations are based on the observed number of women recruited and the detection rate in the liquid based cytology arm. We carried out a large randomised trial nested in screening programmes, which was representative of routine activity. Colposcopy was carried out in a high proportion of women whose screening results were positive. Colposcopists were not blinded to type of cytology, but the number of biopsies per woman undergoing colposcopy was similar in the two arms. Histology was independently reviewed, with reviewers blinded to trial arm and cytology result. A few centres adopted a different protocol between study arms for the management of women with atypical cells of undetermined significance. However the results were almost unchanged when the analysis was restricted to the centres that applied the same protocol in both arms and when low grade intraepithelial lesions were considered as the cut-off point for cytology. Several reviews and meta-analyses of the performance of liquid based cytology, based on non-randomised studies, have been published but have reached conflicting conclusions. 1 4-9 A recent systematic review on liquid based cytology 1 found one small randomised controlled trial only. 10 The same review 1 identified only five "high quality" studies (slides read without knowledge of the others' results, with verification by masked reference standard of at least all positive slide results). [11] [12] [13] [14] [15] Such studies did not show increased accuracy with liquid based cytology, in agreement with our results. However four of them were split sampled and this could affect the accuracy of liquid based cytology.
We also found that liquid based cytology had a lower positive predictive value than conventional cytology. This reduction was the result of an increased frequency Trial profile RESEARCH of abnormal findings (usually low grade) without an increase in high grade cervical intraepithelial neoplasia on histology. An increased frequency of low grade lesions with liquid based cytology has already been observed. 1 The relative frequency of atypical cells of undetermined significance varied between studies, but overall in high and medium quality studies more slides were classified as atypical cells by liquid based cytology than by conventional cytology. 1 Interpretation of cytology is highly subjective. Therefore the effect of moving from conventional to liquid based cytology could vary across laboratories. Our data do not, however, show evidence of heterogeneity between the centres in this study. We also did not observe any difference in the performance of liquid based cytology compared with conventional cytology according to previous experience with liquid based cytology, nor with increasing experience in the study. Although the power of interaction test is usually limited, in this case all P values were far from significant. In addition, point estimates changed little when we restricted the analysis to centres with experience of ThinPrep, or to the second half of enrolment in each centre. It is possible that greater experience could have an effect but, in case of shift from conventional to liquid based cytology, this would mean a long period of decreased accuracy before possible advantages.
On the basis of this analysis, the main advantage of moving to liquid based cytology is a reduction in the rate of unsatisfactory slides. Other established advantages are the shorter time needed for interpretation 12 16 and the possibility of using the same sample for testing for human papillomavirus and for other molecular tests.
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